Abstract -The style of inversion of inherited extensional basins in the Western Alps is investigated through thermo-mechanical modelling. Two-dimensional models consist of a half-graben embedded in a relatively strong crust (basement) and filled with weak syn-rift sediments (cover). We investigate the relative influence of the internal friction (µ) of the basin-bounding normal fault, tectonic burial (h) under an overlying nappe and the geothermal gradient. We use a viscoplastic model with symmetrical shortening. The inherited normal fault is implemented as a curved thin body with a variable friction coefficient (µ) ranging from 0.1 to 0.6. The style of basin inversion is controlled at shallow depth by the internal friction coefficient, whose influence decreases with the increase of both burial depth and geothermal gradient. With increasing burial and/or geothermal gradient, fault reactivation is inhibited and distributed deformation in the basement induces the vertical extrusion of the cover. The basin inversion is accompanied by distributed deformation in the cover and by the shearing of the basin and basement interface. The results are consistent with the style of inversion of inherited half-grabens in the external Western Alps, where no significant fault reactivation occurred owing to tectonic burial underneath the Alpine internal units during the early Alpine collision.
Introduction
Restoration of external units in worldwide orogens shows that, most of the time, continental collision involves a previously stretched lithosphere whose margin contains extensional basins inherited from pre-orogenic rifting (e.g. Jackson, 1980; Lemoine et al. 1989; Beaumont et al. 2000; Marshak, Karlstrom & Timmons, 2000; Lacombe & Mouthereau, 2002; Butler, Tavarnelli & Grasso, 2006; Bellahsen et al. 2012) . In a thick-skinned deformation style setting (e.g. Lacombe & Bellahsen, 2016, this issue) , basement shortening during the collision is indeed usually characterized by the reactivation of well-oriented inherited extensional structures (e.g. inherited pre-orogenic normal faults; Jackson, 1980) . It is noteworthy that such a setting occurs within previously rifted lithosphere, presenting a thermal age (i.e. duration between stretching and shortening, e.g. Burov & Diament, 1995) lower than 1 Ga (Mouthereau, Watts & Burov, 2013) .
Beyond the inherited thermal state of the lithosphere, Bonini, Sani & Antonielli (2012) synthesized the analogue modelling literature to define three main factors governing the reactivation of an inherited normal fault: the steepness of the fault, its angle compared to the direction of compression and the fault frictional resistance. Depending on the variation of those three para- * Author for correspondence: manfred.lafosse@upmc.fr meters, several types of reactivation can be defined: the development of low-angle thrusts, the propagation in the cover of a normal fault reactivated as a reverse fault and the development of a basement shortcut (Bonini, Sani & Antonielli, 2012 and references therein) . The style of inversion of inherited extensional basins was also investigated using numerical modelling (e.g. Buiter & Pfiffner, 2003; Buiter, Pfiffner & Beaumont, 2009 ), which shows that post-rift sediment thickness, the friction coefficient of faults, basin fill thermal conductivity and crustal geometry are important parameters. Moreover, they highlighted that localization of compressional deformation in the basin during crustal shortening is due to the rheological contrast between the weak basin and strong underlying basement. This contrast is often considered high at shallow depth, i.e. in the upper part of the crust. What would the style of basin inversion be in the case of a low rheological contrast, which can result, in particular, from significant burial and associated heating?
The External Crystalline Massifs (ECM, Fig. 1 ), located in the hinterland of the Western Alps external zone, were shortened with a thick-skinned style and inherited extensional basins were inverted during Oligo-Miocene collision (e.g. Burkhard & Sommaruga, 1998; Butler, Tavarnelli & Grasso, 2006) . There, inherited normal faults are either interpreted as reactivated (Gillcrist et al. 1987; Burkhard, 1988; Burkhard & Sommaruga, 1998; Bonnet et al. 2007) or not (Bellahsen et al. 2012;  Boutoux et al. 2014a) . In the latter case, the shortening is accommodated by vertical extrusion of the basin and distributed deformation in the basement. In the ECM, tectonic burial most likely induced a pressure of about 3 kbar and temperature of about 330°C (Crouzet, Ménard & Rochette, 2001; Simon-Labric et al. 2009; Bellanger et al. 2015) . In the Subalpine chains, however, where tectonic burial was probably not significant, inherited normal faults were clearly reactivated ( Fig. 1 ; e.g. Deville et al. 1994; Roure & Colletta, 1996; Deville & Chauviere, 2000; Bellahsen et al. 2014) .
Thus, it appears that tectonic burial may have a strong effect on the style of basin inversion, especially the reactivation of inherited normal faults. In this contribution, we performed thermo-mechanical modelling in order to investigate the role of tectonic burial, fault internal friction and geothermal gradient on normal fault reactivation and the mode of basin inversion.
Geological setting

2.a. The external Western Alps
The Western Alps orogenic system results from the closure of the Ligurian Ocean followed by the continental subduction of the distal parts of the European margin (now the internal Alpine units) and finally continental collision with Adria. The European margin was previously stretched during Liassic to Dogger times, and its upper crust is structured by extensional basins and crustal-scale normal faults (Barféty et al. 1979; Lemoine et al. 1986; . The external part of the Western Alps (the Dauphinois zone) results from the inversion of the European proximal margin during the Alpine collision phase. During this phase, starting at 30-35 Ma, this margin was buried under the internal units owing to the activation of the Penninic Frontal Thrust and then inverted ( Fig. 1 ) (e.g. Rolland et al. 2008; Simon-Labric et al. 2009; Sanchez et al. 2011; Dumont, Schwartz & Guillot, 2012; Bellahsen et al. 2012 Bellahsen et al. , 2014 Bellanger et al. 2014 Bellanger et al. , 2015 . The external zone consists of the External Crystalline Massifs (ECM: Argentera, Oisans, Grandes Rousses, Belledonne, Aiguilles Rouges, Mont Blanc, Aar-Gothard massifs; Fig. 1 ) and the Subalpine chains (Vercors, Chartreuse, Bauges, Bornes massifs; Fig. 1 ). The ECM were buried under the Alpine internal units to mid-crustal depth (about 10 km in the Oisans massif and 15 km in the Mont Blanc massif) reaching greenschist-facies conditions, from 300-350 to 400°C and 3 kbar to 5 kbar from south to north (Jullien & Goffé, 1993; Kirschner, Masson & Sharp, 1999; Crouzet, Ménard & Rochette, 2001; Rolland et al. 2008; Boutoux et al. 2014b; Bellanger et al. 2015) . It is noteworthy that the Subalpine chains did not experience much tectonic burial under the internal units, at least at the Oisans latitude ( Fig. 1) .
Moreover, the shortening styles of the ECM and the Subalpine chains are very different. In the ECM, the normal faults bounding inherited extensional basins show no evidence of reactivation as thrust or shear zones ( Fig. 2 ; Bellahsen et al. 2012 Bellahsen et al. , 2014 Boutoux et al. 2014a) . Distributed shear zones in the basement produce kilometre-scale 'basement folds' and induce vertical extrusion of the inherited extensional basins. The cover of the inherited basins is not significantly detached from the basement and is dysharmonically folded above the basement shear zones (e.g. Bourg d'Oisans and Mizoën basins, Fig. 2 ). On the contrary, in the Subalpine chains, a decollement level in the Liassic or Triassic series localizes the shortening in the overlying sedimentary cover (e.g. Deville et al. 1994) . In these belts, inherited normal faults are inverted and connect to the decollement level in the sedimentary cover (e.g. Saint-Laurent fault, Valence fault, Fig. 2 ). Those decollements and inverted normal faults are connected to Miocene crustal ramps beneath the frontal ECM (e.g. Butler, 1989; Deville et al. 1994; Burkhard & Sommaruga, 1998; Deville & Chauvière, 2000) .
2.b. Oisans basin inversion
In the ECM, two inherited extensional basins are located between the Belledonne, Grandes Rousses and Oisans massifs (Bourg d'Oisans and Mizoën basins) (e.g. Lemoine et al. 1989) (Fig. 3) . They are filled with Liassic to Dogger marls and limestones. Two crustalscale normal faults (the Ornon and the Mizoën normal faults, from west to east, respectively) bound the Jurassic basins ( Fig. 3 ; Barféty et al. 1972; Barbier et al. 1973) . During the Alpine collision, these faults were not significantly reactivated (Bellahsen et al. 2012) . The activation of the basement shear zones (Bellahsen et al. 2012; Bellanger et al. 2014 ) triggered the vertical extrusion of the two basins while their cover was dysharmonically folded above the basement (Fig. 3) Dumont et al. 2008; Bellahsen et al. 2012; Boutoux et al. 2014a ).
In the Bourg d'Oisans basin (Fig. 3) , five shear zones are recognized and did not propagate in the cover where the deformation is diffuse and characterized by synfolding cleavage (Fig. 3) . The shear zones, cutting across the inherited Variscan foliation, are characterized by mylonites and phyllonites (Bellahsen et al. 2012; Bellanger et al. 2014) . In the cover, five main kilometrescale N-S folds are mapped in the field ( Fig. 3 ; Barféty et al. 1972) . They are disharmonic folds, with E-dipping axial surfaces, associated with internal layer deformation ( Fig. 3 ; Gratier & Vialon, 1980; Boutoux et al. 2014a ). In the Mizoën basin (Fig. 3) , two main 'basement folds' (Dumont et al. 2008) were mapped and are interpreted as the result of intense and localized Alpine shearing (Bellahsen et al. 2012) . The cover deformation is similar to that in the Bourg d'Oisans basin. However, the cover is slightly detached above the Emparis plateau (Fig. 3) .
Two main different cleavages associated with the E-W shortening affect the cover (Fig. 3) . S1 cleavage, mainly W-dipping, can be identified only close to the basement (Fig. 3) . S1 is the consequence of an early top-to-the-E shearing of the basement-cover interface (Bellahsen et al. 2012; Boutoux et al. 2014a) . This S1 cleavage is overprinted by a late E-dipping S2 cleavage (Fig. 3) . S2 cleavage affects the whole of the basins in association with the main top-to-the-W shortening phase ( Fig. 3 ; Dumont et al. 2008; Bellahsen et al. 2012; Boutoux et al. 2014a) . A final cleavage dipping eastwards may have affected the metasedimentary cover (Gratier & Vialon, 1980; Dumont et al. 2008) . The basin cover is dysharmonically folded and two main cleavages can be deciphered. S1 cleavage, generally dipping to the west, can only be seen close to the basement-cover interface and attests to an E-verging shearing. S2 cleavage, dipping to the east, is present in the entire cover and is linked to the W-verging Penninic Frontal Thrust. Note that in the Mizoën basin, S1 and S2 cleavages are segregated, respectively, below and above the Alp decollement.
Thermo-mechanical modelling of half-graben inversion
3.a. Numerical method
In this study, the numerical models were performed using GALE code (v1.6.1), a finite element code based on the Arbitrary Lagrangian Eulerian particle-in-cell method (Moresi, Dufour & Mühlhaus, 2003) . The code solves the incompressible Stokes flow for the velocity, v, and pressure, P, with variable effective viscosity coefficients, η eff , and variable density, ρ, following:
The Stokes flow solver is coupled with conservation of energy:
where heat (T) is a function of the conduction and advection through the constant thermal diffusivity κ. The computational mesh consisted of 256 * 64 Q1 (bilinear) elements. Evolution in time is obtained through advection of particles (tracking lithology) and the equation of conservation of energy, with time steps limited to 10 % of the Courant criterion. Passive markers were added to compute the finite strain field (Le Pourhiet et al. 2012) .
We use a first-order approximation of rock rheology and approximate the ductile behaviour of rocks via a Newtonian flow rule in which dependence on temperature follows Frank-Kamenetskii, for which the number of parameters is limited to a reference viscosity η o and a characteristic temperature ϴ −1 in order to compute the effective viscosity (η eff ):
The Mohr-Coulomb yield criterion is simulated by a simplified Drucker-Prager viscoplastic flow rule, lowering the viscosity at high stress (Lemiale et al. 2008) :
whereİ is the second invariant of strain rate and τ y is the yield stress computed from dynamic pressure P and a material parameter including strain-dependent rock friction φ(E p ) and cohesion C 0, following:
In the models presented here, we apply plastic softening to simulate wear inside the fault. The friction coefficient µ = tan( ) in the upper and lower crust varies from 0.6 to 0.1, with plastic strain (E p ) varying from 0 to 10 3 MPa.
3.b. Initial and boundary conditions
We based the initial geometry of the model on published restored cross-sections for the Western Alps (Bellahsen et al. 2012; Boutoux et al. 2014a ) and on non-inverted rift and half-graben geometry (e.g. Colletta et al. 1988) . In order to avoid mechanical interference resulting from the complicated geometry of structures insides the model, we simplified the model Table 1 . The depth of the basin is figured in grey.
to a single half-graben bordered by a listric normal fault and covered with a constant thin layer of postrift sediments (Fig. 4) . Moreover, we implemented an overlying layer representing the allochthonous nappe of the internal units and allowing tectonic burial of the half-graben (Fig. 4a ). We used passive markers to compute the total strain evolution and the direction of lineations to highlight the deformation pattern (Le Pourhiet et al. 2012) . Our model is two-dimensional and therefore does not take into account oblique deformations. We implemented two mechanical layers and a basin (Fig. 4a ). We used a 240 km width by 32 to 40 km height box to avoid perturbations due to side effects at the edges of the model. The sedimentary cover consists of 2 km thick post-rift sediments and the nappe. We varied the thickness of the allochthonous nappe from 0 km to 8 km in order to simulate the variable tectonic burial of the basin. The basement is 30 km thick, except in the basin where it is thinner. We considered a 25 km long and 3.5 km deep half-graben. The basin border normal fault in the model is 1 km thick, and dips 70°t owards the east (Fig. 4) . The box is subjected to a symmetrical shortening of 3.3 mm y −1 . We imposed free slip conditions at the lower surface and the edges of the box.
We chose an initial linear geothermal gradient of 20°C km −1 across the model as indicated by thermobarometric data (Crouzet, Ménard & Rochette, 2001; Bellanger et al. 2015) . Moreover, we considered for simplification that the system is thermally equilibrated; there is no heat provided by the base of the nappe. We also varied the geothermal gradient to test its influence on basin inversion: the geotherm was set to 15, 20, 25 or 30°C km −1 (Fig. 4b ). Within the inherited extensional basins of the Alpine ECM, shortening is accommodated differently in the cover and in the basement. Indeed, while the basement is locally sheared, the cover is dysharmonically folded above the basement. This strongly suggests a mechanical behaviour in the cover different to that in the basement. We therefore selected creep parameters in accordance with field observations and with the geothermal gradient deduced from the metamorphic facies (greenschist facies; e.g. Jullien & Goffé, 1993) . We precomputed yield strength envelopes that account for the geometry of our models to ensure that with no burial: (1) the brittle-ductile transition of the basement/nappe occurs at 12 km depth and (2) the brittle-ductile transition of the syn/post-rift sediments occurs at 10 km depth.
The fault zone is modelled with the same creep parameters as the basement; only the friction coefficient (brittle strength) differs by varying from 0.1 to 0.6, the strongest fault having the same friction as the basement rocks and sediments. Table 1 summarizes the mechanical and thermal parameters of each of the three lithologies. Linear temperature gradient T (°K km −1 ) 15-30 a Flow law for wet quartz from Gleason & Tullis (1995) .
In the results, the fault zone and the basin-cover interface appear discontinuous in some models (Figs 5, 7, 8) . With increasing deformation, the numerical method leads to the isolation of some material markers (Moresi, Dufour & Mühlhaus, 2003) and creates heterogeneity artefacts. Thus, the exact boundaries of the layers are difficult to delimit, which therefore leads to systematic but small errors in measurements in the models.
Results
4.a. Role of burial and fault friction
We focus here on models at 2.5 Ma after 7.2 km of shortening (Fig. 5) . We observe in every model, except in model G, a synform of the basement below the basin. For low basin burial (h burial = 2 km) and µ = 0.4 to µ = 0.1 (Fig. 5a, d ), the normal fault is reactivated and slightly steepened, along with the formation of a reverse shear zone just below the inherited fault, interpreted as a shortcut fault. At depth, drag-folds along the fault plane characterize the reactivation (Fig. 5a ). The fold of the basement-cover interface in the basin and the positive inversion of the normal fault lead to the slight vertical extrusion of the basin (Fig. 5a, d ). Additional top-to-the-E shear zones initiate in the normal fault hangingwall that, coupled with the normal fault reactivation, induce a pop-up structure centred on the basin (Fig. 5a, d ). The cover is folded above basement antiforms with the same wavelength suggesting no decollement between the basement and cover. For higher normal fault internal friction coefficients (µ = 0.6), the normal fault is as resistant as the surrounding crust (µ = 0.6 in both basement and normal fault) and the basin is not inverted (Fig. 5g) .
For intermediate basin burial (h burial = 6 km), the fault is slightly reactivated only for low values of µ (µ = 0.1) (Fig. 5b , see the offset at the basement top) and its upper part systematically steepens for all friction values (Fig. 5b, e, h ). At high friction values, the reactivation of the normal fault is inhibited and E-verging reverse shear zones develop into the fault hangingwall block inducing basement pop-up (Fig. 5e, h ). The hangingwall of the normal fault is slightly folded (Fig. 5b, e, h) , which leads to the steepening of the normal fault and triggers the vertical extrusion of the basin. The basin cover displays disharmonic folding above the basement folds (Fig. 5b, e, h ). Moreover, we observe the extrusion of the basin cover and top-to-the-E shearing at the basement-basin contact.
For large basin burial (h burial = 10 km), the border normal fault is never reactivated whatever its internal fiction (from µ = 0.1 to µ = 0.6) (Fig. 5c, f, i) . The normal fault is deformed and steepened in its upper part. In the hangingwall, the basement is folded with a lower wavelength than for intermediate burial. Top-tothe-E basement shearing in the hangingwall develops only for µ = 0.6 (Fig. 5i) . Thus, as for the intermediate burial case, the basin is vertically extruded. Disharmonic folds form in the cover above the basement fold that affects the hangingwall.
4.b. Localization of shortening
To quantify the localization of shortening at the scale of the model, we introduced a geologically relevant measurement, R, which is defined as the ratio of basin shortening versus model shortening. Figure 6 shows the plot of the localization of shortening (R) as a function of the internal friction of the fault (µ) in the models, for the different burial depths and geothermal gradient values.
The stronger the fault is, the more internally shortened the basin is (Fig. 6) . Assuming a constant geothermal gradient, for intermediate (h = 6 km) and maximum (h = 10 km) burial values, R ranges from 38 % to 61 % (Fig. 5) and increases with the fault internal friction coefficient (µ) (Figs 5, 6 ). This trend is not observed for low burial values (h = 2 km) as model G (Fig. 5 , h = 2 km and µ = 0.6) has R values lower than for models A and D (Fig. 5 , h = 2 km, µ = 0.1 and µ = 0.4, respectively). In model G basement, the basin and normal faults have similar internal friction coefficients and thus deformation is not localized in the basin and is distributed all over the model.
The localization of the shortening in the inherited basin increases with the geothermal gradient (Fig. 6) . Indeed, R values in models with intermediate burial (h = 6 km) and a weak fault (µ = 0.1) increase from 38 % to 63 % with the geothermal gradient varying from 15 to 30°C km −1 . For a similar geothermal gradient (20°C km −1 ) and internal friction coefficient (µ), R is higher for intermediate burial models (h = 6 km) than for low (h = 2 km) and high burial models (h = 10 km) (Figs 5, 6 ). Localization at the basin level is linked to the rheological contrast between the different layers (overlying nappe and post-rift, basin, basement at the structural level of the basin, and basement below the basin). Note the exception of model A (µ = 0.1, h = 2 km; Fig. 5 ), which presents an R value higher than model B (µ = 0.1, h = 6 km; Fig. 5 ).
4.c. Basin internal deformation
Finite deformation and stretching lineations in the basin after 2.5 Ma of shortening are displayed for three values of burial (h = 2 km, h = 6 km and h = 10 km) with a fixed value of the friction coefficient of the fault (µ = 0.1) (Fig. 7) .
When burial is low (h = 2 km), finite strain is high (above 1) in two shear zones (Fig. 7a, d ). The Wverging thrust, located at the inherited normal fault or slightly below, has an offset higher than 2 km. This shear zone is interpreted as a shortcut fault. The Everging back-thrust accommodates lower amounts of shortening. These two shear zones root at depth in the inherited normal fault that is reactivated as a kilometrethick shear zone. No important deformation is recorded outside these shear zones (finite strain around 0, Fig. 7a ), except in the lower part of the model where the deformation is distributed on the drag-folds along the fault plane (finite strain between 0.2 and 0.66).
For an intermediate burial value (h = 6 km), the deformation in the basin cover is more distributed (finite strain between 0.3 and 1) (Fig. 7b, e) . At the basementcover interface, for both the hangingwall and footwall, lineations plunge around 45°and attest to opposite senses of shear (E-and W-verging shears, respectively). Yet except for these shear zones, deformation is low as finite strain is around 0.3. Moreover, two shear zones with opposite senses of shear can be deciphered in the overlying nappe. These shear zones are very similar to the ones described above for a low value of burial and root under the basin into the inherited normal fault (Fig. 7b, e) . In the basement, the inherited normal fault is not reactivated (finite strain between 0 and 0.3) while both the hangingwall and footwall are slightly folded. These folds are due to low W-verging shearing of the hangingwall and low E-verging shearing of the footwall (finite strain around 0.4; Fig. 7b, e) .
For a high burial value (h = 10 km) (Fig. 7c, f) , the deformation in the basin cover is also distributed (finite strain between 0.5 and 1.3). Yet, the shortening localizes at the basement-cover interface, where it is more important than for intermediate values of burial. Indeed, finite strain ranges from around 1.3 in the hanging wall to around 0.5 in the footwall (Fig. 7c) . As for the intermediate burial value, the basement is slightly folded owing to two conjugate E-and W-verging shear zones. Shearing is more intense and more distributed in the hangingwall than in the footwall. Finite strain ranges between 0.3 and 0.5 and shear zones are 4 km to 6 km thick in the hangingwall while finite strain ranges between 0.2 and 0.3 and shear zones are 2 km to 3 km thick in the footwall. Finally, the inherited normal fault is not reactivated, as finite strain is about zero along it (Fig. 7c, f) .
4.d. Effect of the geotherm on the style of inversion
The initial geothermal gradient ranges from 15°C km −1 to 30°C km −1 and the brittle-viscous transition in the crust and in the cover varies accordingly (Fig. 4) . As a consequence, with the warmest geothermal gradient (from 20°C km −1 to 30°C km −1 ), the basin is weaker than the basement at the structural level of the basin.
The effective viscosity (η eff ) is a function in the model of the minimum of the simplified DruckerPrager viscoplastic and the Frank-Kamenetskii equation flow rules (eq. 6). Variations of η eff are due to the geothermal gradient, toİ (the second invariant of the strain rate tensor) and to the dynamic pressure, P (eq. 7). Figure 8 shows isocontours of η eff (Fig. 8 left  column) and the strain rate for the corresponding models ( Fig. 8 right column) , after 2.5 Ma of shortening. In Figure 8a , the internal friction coefficient and geothermal gradient are fixed (0.1 and 20°C km −1 , respectively). In Figure 8b , the internal friction coefficient and burial are fixed (0.1 and 6 km, respectively). (Fig. 8, models B , C, K and L).
The style of basin inversion deformation for models with increasing burial depth and constant geothermal gradient (models A to C, Fig. 8a ) evolves like models with increasing geothermal gradient and constant burial depth (models J to K, Fig. 8b ). In the models A (µ = 0.1, h = 2 km, 20°C km −1 ; Fig. 8a ) and J (µ = 0.1, h = 6 km, 15°C km −1 ; Fig. 8b ), deformation is localized along the reactivated normal fault and along an E-verging shear zone in the basin. Model B (µ = 0.1, h = 6 km, 20°C km −1 ; Fig. 8a ) behaves similarly to models J (µ = 0.1, h = 6 km, 15°C km −1 ; Fig. 8b ) and K (µ = 0.1, h = 6 km, 25°C km −1 ; Fig. 8b ) as the basin localized the deformation in the three models. η eff values are high in the basement at the basin depth and strongly decrease into the basin (Fig. 8, models B, J, K) . The fault footwall is folded, which triggers the clockwise rotation of the normal fault. In the models B and J, effective viscosity is at a minimum and strain rate values are high indicating the deformation distribution into the extensional basin. The drop in effective viscosity and the high strain rate values along the basin and basement interfaces in both the fault footwall and hangingwall indicates that those interfaces are sheared as suggested. Note that in model J, the shear zone is localized into the basin and not at the basin and basement interface level. Models C (µ = 0.1, h = 10 km, 20°C km −1 , Fig. 8a ) and L (µ = 0.1, h = 6 km, 30°C km −1 , Fig. 8b ) are similar. The viscosity contrast between the extensional basin and the basement at similar depths is significantly lower than other models (Fig. 8) . In models C and L, the basement is folded around the extensional basin and the normal fault is straightened. Deformation is localized at the basin and basement interface yet strain rate values along these interfaces are lower than for models B (µ = 0.1, h = 6 km, 20°C km −1 ; Fig. 8a ) and K (µ = 0.1, h = 6 km, 25°C km −1 ; Fig. 8b ).
Discussion
5.a. Role of burial depth and geothermal gradient.
Our results highlight that the inversion of inherited basins (i.e. reactivation of the normal faults, deformation of the basement and basin vertical extrusion) is controlled by three different factors: the fault internal friction, the crustal thermicity and the basin burial depth. The influence of fault friction is dominant at shallow depths and for cold geothermal gradients as the fault constitutes the main strength contrast at the basin depth. This influence decreases rapidly at depth and with increasing geothermal gradient. As suggested by our numerical models and Buiter & Pfiffner (2003), the normal fault localizes the deformation when the fault is weak (µ = 0.1) and the basin is as strong as the basement (Figs 5, 6 ). The basin becomes gradually more difficult to invert as the strength of the fault increases. As suggested by our models and by Nilfouroushan et al. (2013) , block rotations in the uppermost basement prevent the reactivation of extensional faults. The depth of the brittle-ductile transition for the sediment rheology is above the depth of the brittleductile transition for the basement rheology. It places the depth of the brittle-ductile transition for the sediment rheology at the structural level of the extensional basin for intermediate to high values of geothermal gradient and for intermediate to high values of burial (Fig. 4) . For those input parameters, there is a strength contrast between the basin and the basement, which favours shortening localization in the basin. Increasing the burial depth or the geothermal gradient leads to weakening the inherited basin and the basement but preserves a stronger basement at the structural level of the basin (Fig. 4) . As in Bauville & Schmalholz (2015) , the contrast in viscosity between the sediments in the basin and the basement triggers the folding of the basement below the basin and its vertical extrusion. The strength contrast between the basement and the basin therefore controls the style of deformation. Figure 9 highlights how the inversion style of the inherited basin is controlled by rheological contrast between the basin and its basement. Initial integrated strengths of different structural levels were computed for different geotherms (15°C km −1 , 20°C km −1 , 25°C km −1 and 30°C km −1 ) and burial depths (2 km, 6 km and 10 km) (Fig. 4b) . In Figure 9a , we define four structural levels: a nappe and post-rift layer (S n ), basin (S b ), basement at the structural level of the extensional basin (S sup ) and basement (S inf ) below the basin. In Figure 9b , S sup /S b is plotted versus S n /S inf . S n /S inf is the strength contrast between the overlying nappe (and post-rift layer) and the crust below the basin. S sup /S b is the strength contrast between the basin and the basement at similar depth and is a proxy for the weakening effect of the basin.
The results suggest that there is a positive relationship between the two ratios (Fig. 9b) . For each S sup /S b and S n /S inf point in the graph, we also provide corresponding interpretative sketches for models with µ = 0.1 (Fig. 9b, models A, B , C, J, K, L). The differences between the sketches clearly show that the evolution of the style of basin inversion is controlled by both ratios.
For low values of S sup /S b (< 1) and S n /S inf (< 0.2) (Fig. 9b , models A and J), the rheological contrast between the basin and the basement at the same structural level is very low and the nappe + post-rift layer is weaker than the basement. The inversion style is characterized by localized shearing along the normal fault, the associated shortcut fault and along an E-verging shear rooting in the basement and cutting across the basin.
With higher values of S sup /S b (> 1) and S n /S inf (< 1) (Fig. 9b , models B and K), there is a significant rheological contrast between the basin and the basement at the same structural level while the nappe + post-rift layer remains weaker than the basement below the basin. The folding of the basement and the inhibition of normal fault reactivation leads to the vertical extrusion of the basin (Fig. 9b, model K) . The deformation in model K is more distributed than in model B (Fig. 9b) .
For S n /S inf > 1, the nappe layer is stronger than the basement below the basin, which leads to distribution of the deformation all over the model; conversely the inherited basin accommodates less shortening. Therefore, the localization of the shortening in the model (R) is lower for h = 10 km models than for h = 6 km models ( Fig. 5 ; models C, F, I versus models B, E, H).
5.b. Normal fault reactivation
The normal fault reactivation is inhibited in models with a hot geothermal gradient (Fig. 5 , models K, L) and high burial depth (Fig. 5, models C, F, H and I) . Thus, two parameters control this process. (1) The strength contrast between the inherited basin and the basement at the same structural level. Indeed, high burial depth and high geothermal gradient tend to decrease the strength contrast between the weak fault and the basement inhibiting normal fault reactivation. (2) The basement folds near the extensional basin rotate the normal fault in our models and in Nilfouroushan et al. (2013) . The rotation of the normal fault, linked to the basement distributing the deformation, increases the dip of shearing along the normal fault and thus tends to inhibit its reactivation (see Bonini, Sani & Antonielli, 2012 and references therein for similar inhibition of normal fault reactivation due to rotation).
5.c. Comparison with the Alpine collision
In the models, we assumed a constant (laterally and through time) thickness of the overlying nappe. This is an oversimplification as ECM burial depth increases from east to west (Bellahsen et al. 2012; Bellanger et al. 2015) and through time between the onset of nappe emplacement and the burial peak. However, most of the deformation in the ECM is estimated to have occurred at or close to the metamorphic peak (e.g. Rolland et al. 2003; Cenki-Tok et al. 2013; Bellanger et al. 2015) . Bonnet et al. (2007) studied the Alpine collision with the help of analogue models and proposed that most of the basement thrusts were reactivated inherited normal faults. The in-sequence propagation of the shortening, as proposed in Burkhard & Sommaruga (1998) , is indeed the in-sequence propagation of the reactivation of inherited extensional structures. As in our numerical modelling, inherited normal faults were modelled as a thin layer with a weaker rheology than the surrounding basement and were buried under several kilometres of overlying nappe. Therefore, the major difference between the two modelling methodologies is the influence of temperature.
Based on these results, we propose a direct relationship between the style of basin inversion and the depth of burial in the external Western Alps (Fig. 10) . In the Subalpine chains, collisional shortening is partly accommodated by the inversion of the inherited extensional basin. Those basins were not tectonically buried under the internal Alpine units and show reverse reactivation of their border normal fault (Fig. 10a, b) . In the ECM, the Liassic inherited extensional basins localized the collisional shortening. Indeed, those basins weakened the crust during its burial (Bellahsen et al. 2012) . Thus, with burial and heating, ECM basins were extruded owing to the development of basement antiforms linked to basement shear zone development and normal fault reactivation inhibition (Fig. 10c) . Good examples of such inverted basins are the inherited basins in the Oisans massif and surrounding area (Fig. 10c ) and other Alpine ECM (e.g. the Chamonix basin; Gillcrist, Coward & Mugnier, 1987; Boutoux et al. 2014a) .
At a first order, in the ECM inherited basins, there is no decollement between the cover and basement. However, disharmonic deformation of the cover above basement folds suggests short local decollements and shearing of the cover over the basement (e.g. Burkhard, 1988; Escher, Masson & Steck, 1993; Boutoux et al. 2014a) . In our models, the cover is progressively extruded from the basin and the basement-cover interface is sheared (Fig. 10f) . In the hangingwall of the modelled inherited normal fault, the top-to-the-E shearing of the basement-cover interface could be linked to Wdipping S1 cleavage observed in the Bourg d'Oisans and Mizoen basins at the base of the cover (Fig. 3,  green cleavage) . This W-dipping S1 cleavage can be only deciphered close to the basement-cover interface and is interpreted as due to an early top-to-the-E shearing of the basement-cover interface (Fig. 3) . Moreover, small E-verging back-thrust/shear zones are observed below the basement-cover interface in numerical models (Fig. 5b, i ) like in the Mizoën basin (Fig. 3 , below the Alps decollement).
Interestingly, in the Subalpine chains, the SaintLaurent basin is restored as the cover of the western Belledonne massif (Deville & Chauviere, 2000; Bellahsen et al. 2014; Fig. 2) . This basin marked the approximate western limit of the internal units overthrusting above the external zone and therefore was buried below a very thin nappe (Bellanger et al. 2015) . The inherited normal fault was reactivated as a thrust fault associated with a shortcut fault in the basement (Figs 2, 10b) . The kinematics of the inverted basin is similar to models where partial (Fig. 10e) or complete (Fig. 10d) normal fault reactivation occurred. Thus, the Saint-Laurent basin inversion could show an intermediate state between a complete reactivation of the fault and a basin inversion without fault reactivation.
Conclusions
In this contribution, we investigated the inversion style of inherited extensional basins using 2D thermomechanical modelling. We show that the inversion style of well-oriented inherited extensional basins is controlled by internal fault friction at shallow depth and by burial of the basin and crustal thermicity at depth. Increasing temperature and tectonic burial favour distributed deformation underneath the basin and inhibit normal fault reactivation independently of its effective friction. The absence of inherited fault reactivation and the occurrence of basement folding trigger the vertical extrusion of the basin. Then, the cover is extruded out of the basin leading to the shearing of the basement-cover interface, which develops even when no pre-existing weak layer at the base of the cover is ascribed.
These results are consistent with the collisional kinematics in the external Western Alps. In the Subalpine chains (e.g. Vercors-Chartreuse), there was (almost) no tectonic burial and the inherited normal faults were reactivated. Further east, in the Grandes Rousses and Oisans ECMs, burial of the inherited extensional basin reached about 10 km, the temperature peak exceeded 300°C and the inherited normal faults were not reactivated. In those basins, the basement was deformed by distributed shear zones (responsible for basement antiforms) while the cover was dysharmonically folded. These results show that the role of temperature, especially through tectonic burial, is critical in passive margin or rift inversion in mountain belts.
